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Abstract 
The presence of numerous abandoned wells in depleted oil and gas reservoirs might provide leakage paths thus compromising the 
integrity of long-term CO2 storage. However little data is available on the effect of CO2-saturated solutions on the failure 
behaviour of wellbore cement. Therefore, we performed triaxial compression experiments to study the effect of CO2 on the 
failure behaviour of Portland cement at reservoir conditions (T= 80qC, Pc = 1.5 to 30 MPa). Weakening of the cement was 
observed due to injection of aqueous fluid, whereas addition of CO2 did not further reduce the mechanical strength of the 
material.  
© 2008 Elsevier Ltd. All rights reserved 
Keywords: Wellbore integrity, CO2 storage, cement , failure envelope. 
1. Introduction 
Storage of capture anthropogenic CO2 in depleted oil and gas reservoirs, saline aquifers, or unmineable coalbed 
seams offers one option tois currently seen as one of the most feasible ways of reducing greenhouse gass emissions 
[1]. Long-term storage efficiency can be impaired by the possibility of CO2 leakage through paths such as faults and 
fractures present in the reservoir caprock or wellbore plugs [2, 3]. Potential for leakage through sealed and plugged 
wellbore exists [3, 4, 5, 6] as depleted oil and gas reservoirs are usually perforated by a large number of wells (ex: 
more than 315.000 wells drilled in Alberta, Canada) [7]. To prevent such risks data concerning fault and wellbore 
stability are needed.  
To date, most investigations of the long-term CO2 sealing capacity of wellbore systems have focused on the 
chemical degradation of the cement and the effects of this on porosity and permeability [6, 8, 9, 10, 11], however the 
mechanical failure of cement was already identified as one of the main causes of fluid leakage from reservoir [12, 
13]. In summary these studies are to some extent contradictory. For example, cement plugs recovered from the 
SACROC field, where they were exposed to supercritical CO2 during the enhanced oil recovery (EOR) for 30 years, 
showed carbonation fronts, but the cement retains its sealing capacity and structural integrity [6]. In contrast, heavy 
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cement degradation marked by depletion in calcium hydroxide and higher porosity values was observed after 
exposure to acidic brine (pH = 2-3) [8]. Similar, but less degradation and carbonation of cement was observed for 
samples exposed to CO2 at pressure and temperature conditions similar to CO2 sequestration (28 MPa and 90qC) and 
indicated rapid penetration of CO2 and complete carbonation of the cement within 6 weeks [9, 10]. Slower rates of 
CO2 penetration and less degradation were found in samples exposed to CO2 at 30 MPa and 50qC [11].  
Despite these geochemical studies, little attention has been paid to addressing the effects of CO2 injection on the 
mechanical behaviour of wellbore cement, namely how injection supercritical CO2 may affect the failure behaviour 
of cement, or how stress changes in the reservoir may affect its mechanical integrity. It is well known that pressure 
changes in the reservoir due to depletion or fluid injection might lead to casing deformation, casing, cement sheath 
or cement plugs failure [13, 14]. Re-injection of fluids will cause a decrease of the effective stress in the reservoir 
with a part of the strain being recovered, and subsequently lead to reservoir expansion. Such changes in the state of 
stress increase shear stresses at the wellbore – reservoir rock interfaces. These types of changes in the state of stress 
in a reservoir were already identified as possible causes for wellbore failure in oil fields [14]. In this context data 
regarding the compressive and tensile strength of wellbore cement, the evolution of the stress paths in the reservoir 
due to fluid injection as well as the elastic moduli of cement and of the reservoir rocks are needed. The present study 
investigates the effect of supercritical CO2 on the compressive strength of the cement and the possible failure 
mechanisms of wellbore cement, at reservoir conditions.  
2. Experimental method 
2.1. Sample preparation and curing 
To study the effect of CO2 on the failure envelope of wellbore cement, cylindrical cement samples were prepared 
according to API 10B specifications. The samples were prepared by mixing ENCI Portland cement Class A with tap 
water in a w:c ratio of 0.5 similar to the recipe employed by Nederlandse Aardolie Maatschappij (NAM) for the 
cement plugs in De Lier field (The Netherlands). After mixing the cement and water the slurry was degassed and 
poured into cylindrical molds of 85 mm length and 35 mm diameter, and cured for 72 hours in a water bath at 
57.9qC. The set of samples were then removed from the molds and cured for 6 months at room temperature in a wet 
environment in air-tight containers. Curing over 6-month results in 20% more compressive strength for our cement 
samples [15] in comparison with the previous studies on the effect of CO2 injection on wellbore cement that have 
been performed on cement samples cured for 7 to 28 days [8, 9, 10, 11]. Our chosen long-term curing approach thus 
provided us with cement cores that are similar to those present in abandoned wells in many reservoirs (i.e. The 
Netherlands). Following the 6-month curing period, the cylindrical samples were cut and parallelized to obtain a 
perfect geometry with 75 mm length and 35 mm diameter and dried at 60qC until constant weight was obtained.  
2.2. Experimental setup and methodology 
Triaxial compression tests were performed on Portland cement (Class A) samples at a constant displacement rate, 
yielding near constant strain rate. The tests were performed at a temperature of 80ºC and at confining pressures in 
the range 1.5-30 MPa under wet and dry conditions, with and without added supercritical CO2 at 10 MPa pressure. 
The tests were performed in a conventional Heard triaxial compression machine, designed for axi-symmetrical 
compression testing on cylindrical samples, for more details see also [16]. The main modification made to the Heard 
apparatus was the addition of ISCO-CO2 pump, which allowed injection of CO2 at high pressures. The CO2 pressure 
was applied to pressures up to 10 MPa controlled within 0.01%. The signals from the triaxial apparatus: force, 
displacement, confining pressure, temperature, volume change, pore fluid pressure and pore fluid volume were 
logged by means of a PC-based data acquisition system and a VI logger software, and finally processed to yield 
stress, strain, volumetric changes and strain rate values.  
Triaxial compression tests were performed on cylindrical samples with a 35 mm diameter and length a75 mm. 
Each sample was covered by an EPDM sleeves (CO2 resistant) and a FEP Teflon jacket and subsequently placed 
between two steel pistons. Each piston had radial grooves on the end-cap and a central hole tightly sealed and 
connected to the pore fluid system, to allow fluid injection (saturated solution or CO2) in the samples. Teflon sheets 
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were placed between the loading pistons and the sample to reduce friction. The sample-pistons assembly was 
inserted into the main compression vessel. The samples were heated up by means of external furnace, and when the 
desired temperature was reached, confining pressure was applied. Constant strain tests were started when the system 
reached equilibrium. For the wet experiments, the pore fluid consisting in cement-saturated solution (prepared by 
mixing crushed cured cement with degassed water for 48 hours) was applied by means of pore fluid system, which 
was controlled by a servo-pump (resolution –0.01%). Parallel to the pore fluid injection (saturated solution or CO2), 
the confining pressure was increased such that effective pressure (Peff) exerted on the sample remains constant (Peff = 
Pc – Pf). Note that for the CO2 bearing experiments, the samples were pre-saturated with cement-saturated solution 
under vacuum. The CO2 and the saturated solution were allowed to reach equilibrium for ~4 hours. When the system 
reached equilibrium, constant strain tests, under constant confining pressure tests were started. The tests lasted until 
the samples failed in a brittle mode or until a strain ~5-10% was reached. The tests were terminated by unloading 
the samples, releasing the pore fluid pressure, the confining pressure, followed by the cooling down of the samples.  
3. Results 
Compressive stresses will be taken as positive here. The maximum and minimum principal compressive stresses 
are denoted as V1 and V3 and the differential stress as V1-V3. The pore pressure is denoted as Pf and the effective 
mean stress (Veff) is defined as the difference between the total mean compressive stress and pore fluid pressure Pf. 
A complete list of the 
tests reported in this paper 
together with the 
experimental conditions at 
which the tests were 
conducted is provided in 
Table 1. Note also the values 
for Young’s modulus (E) 
obtained from the tests and 
the peak differential stress 
values (Vpeak) used to 















CEM-1 80 1.5 - - 32.00 41.40 
CEM-2 80 5 - - 47.71 57.83 
CEM-83 80 10 - - 47.75 66.00 
CEM-4 80 20 - - 43.41 58.64 
CEM-5 80 30 - - 34.12 48.35 
CEMs-1 80 1.5 5 Saturated solution 24.56 29.13 
CEMs-2 80 5 5 Saturated solution 25.55 29.34 
CEMs-3 80 20 5 Saturated solution 16.71 21.11 
CEMCO2-1 80 1.5 10 Saturated solution+CO2 22.76 38.78 
CEMCO2-2 80 5 10 Saturated solution+CO2 23.42 34.47 
CEMCO2-3 80 20 10 Saturated solution+CO2 20.22 33.36 
CEMCO2-4 80 30 10 Saturated solution+CO2 18.61 32.07 
Table 1. List of the experiments reported within the present report and the experimental conditions at which the tests were conducted. 
3.1. Triaxial compression tests on dry cement samples at 80ºC 
Cement samples compacted at a temperature similar to reservoir conditions, under laboratory dry conditions at 
low confining pressures, showed a well-defined peak differential stress, marking the shear failure of our samples 
(Fig.1a). Higher confining pressures (Pc  20 MPa) led to strain hardening, where the cement samples underwent 
compaction without localized failure, to strains up to 6 %. Volumetric strain versus axial strain data (Fig. 1b) 
showed similarly compaction followed by dilatancy marking the inception of shear failure at low Pc (Pc  1.5 MPa) 
and straightforward compaction at higher Pc (Pc  5 MPa). Localized macroscopic shear fractures were observed at 
low Pc, whereas compacted pores could be observed at higher confining pressures. 
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(a) (b)  
Figure 1. Mechanical data for triaxially compressed dry Portland cement. (a) Differential stress versus axial strain plot showing a well defined 
differential stress peak, marking the shear failure of the samples (Pc=1.5-10 MPa) and strain hardening at higher confining pressures (i.e. 20, 30 
MPa). (b) Volume change versus axial strain showing compaction followed by dilatancy marking the inception of brittle failure at low Pc and 
compaction at high Pc. 
3.1.1. Triaxial compression tests on wet cement samples at 80ºC 
Differential stress versus axial strain plots (Fig. 2a) for “water saturated” cement samples showed strain 
hardening, brittle failure and strain softening behaviour at low confining pressures (in the range 1.5-5 MPa). At 
higher confining pressure (up to 20 MPa) the plots show strain hardening development. Note that the addition of 
water led to a decrease of yield strength at a Pc = 1.5 MPa up to 20 % in comparison with the sample compacted 
under dry conditions at similar temperature. Strain localization characterized by a single fracture cross-cutting the 
sample was observed at low confining pressures, marked by dilatancy in the volume changes – axial strain curves 
(Fig.2b), followed by numerous conjugated shear cracks at Pc = 5 MPa, and semi-ductile behaviour characterized by 
the compaction of the pore space at higher confining pressures to strains up to 5%. 
 
(a) (b)  
Figure 2. Mechanical data for triaxially compressed wet Portland cement. (a) Differential stress versus axial strain plot showing strain softening 
and brittle failure at Pc=1.5-5MPa and strain hardening at higher confining pressure Pc= 20 MPa. (b) Volume change versus axial strain showing 
compaction followed by dilatancy marking the inception of brittle failure at low Pc and compaction at high Pc. 
3.1.2. Triaxial compression tests on wet and CO2-bearing cement samples at 80ºC 
Similar behavior to the wet compacted samples was observed in the CO2-bearing cement cores. Addition of 10 
MPa supercritical CO2 to the pre-saturated cement samples led to strain hardening and failure marked by a peak in 
the differential stress versus axial strain data at a confining pressure of 1.5 MPa (see Fig.3a). Strain softening was 
observed in the post-peak phase. However, increasing confining pressure up to 5 MPa led earlier semi-ductile 
behaviour, where the sample strengthens slightly with strain. This trend is clearer at higher confining pressures (Pc  
20 MPa).  
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The presence of CO2 in the pore fluid resulted in an apparent weakening of the cement samples at low confining 
pressures, while a strengthening was observed at higher confining pressure in comparison with the wet compacted 
samples under similar conditions. The different type of compaction behaviour of our cement samples is clearer in 
the volume changes – axial strain plots (Fig. 3b). It appears that the transition from localized failure and ductile 
behaviour occurs at very low confining pressures (Pc ~1.5 MPa), while at slightly higher confining pressures the 
cements can undergo compaction to high strains without the development of localized failure or distributed cracks. 
(a) (b)  
Figure 3. Mechanical data for triaxially compressed wet Portland cement in the presence of supercritical CO2. (a) Differential stress versus axial 
strain plot showing strain softening and brittle failure at Pc=1.5-5MPa and strain hardening at higher confining pressure Pc= 20 MPa. (b) Volume 
change versus axial strain showing compaction followed by dilatancy marking the inception of brittle failure at low Pc and compaction at high Pc. 
4. Discussion
To separate the effects of water or supercritical CO2, we plotted the failure envelopes as differential stress versus 
mean stress (p-q) for each type of experiments –dry at 80qC, wet at 80qC and wet samples compacted in the 
presence of supercritical CO2 at 80qC (see Fig. 4). Note that the yield envelopes were constructed using the peak 
stress at failure in the brittle regime and the departure from linearity (quasi-elastic behavior) in the ductile regime.  
Triaxial compression of wellbore cement samples showed for all the tests conducted at low confining pressures 
(1.5-5 MPa) a clear failure peak, marked by a single macroscopic shear localized fracture. The inception of shear 
localization is also noticeable as dilatancy in the volumetric changes (i.e. porosity increase), in the brittle regime. 
Typically, coalescence of microcracking lead to shear localization and development of extensile discontinuities such 
as fractures, faults of joints, in highly porous materials, such as our cement samples (I a 40%). At higher 
confinements, the cement samples showed strain hardening and ductile failure.  
 
Figure 4. Failure envelopes for cement samples compacted at 80qC for dry, water-saturated and CO2 bearing samples. The plot indicates the 
different types of failure for different p-q values and marks the stable and unstable fields. 
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Microcracks are homogeneously distributed across the samples, leading typically to a decrease in porosity and 
permeability. Similar trends are observed in highly porous rocks as sandstones [17, 18], limestones or chalk [19]. 
Despite their similar behaviour at low confining pressures, few differences can be noticed in our experiments. 
Addition of water and CO2 lead to a drastic decrease in the strength of our samples at low confining pressure.  
4.1. Effect of pore fluid on the compaction behaviour of wellbore cement 
Addition of water lead to a decrease in the peak levels in both brittle and ductile field for triaxially compressed 
cements shifting the failure envelope (Fig. 4) towards lower p-q values, in comparison with dry cement samples, 
tested at similar Pc and T conditions. 
The presence of water might lead to hydration of the cement samples or weakening through stress corrosion 
cracking. The hydration usually leads to a gain in the compressive strength of cements and typically occurs in longer 
time periods than the ones employed for our tests. Contrary, in rocks the presence of water enhances the compaction 
and determines a weakening of the material [19] through stress corrosion cracking. Evidence for such mechanism is 
not clear yet, however future microstructural observations might provide insight in this mechanism. Moreover, 
addition of water lead to a decrease of Young’s modulus values (see Table 1) from E a40 GPa in dry samples to E 
a29 GPa for wet samples. Despite the shortcomings of determining E values from triaxial compression tests, our 
values are slightly higher for the value reported in the literature for type G cements, E = 10 GPa [20]. 
4.2. Effect of CO2 on the compaction behaviour of wellbore cement 
The effect of CO2 was found to be minor on the compaction behaviour of cement samples, as shown in Fig.3 in 
comparison with wet compacted samples at similar conditions (Fig. 2). The yield stress difference between wet and 
CO2 bearing cement samples fall within 10 %, which might be attributed to structural differences in the samples. In 
comparison with the dry samples tested at 80qC, addition of CO2 in the cement saturated solution led to a decrease 
in the compressive strength of the cement up to 40 %, and the apparent Young’s modulus decreases from values 
around 40-60 GPa for the dry samples to 30-40 GPa for the CO2-bearing samples. CO2 injection seems to have little 
or no effect on the wet compacted cement samples. Possibly, similar stress corrosion cracking enhancement might 
lead to the drastic decrease of the compressive strength of the cements. These results are somehow contradictory 
with the previous studies on cement samples investigating the carbonation of cements exposed to supercritical CO2 
[8, 9, 10, 11]. The findings of these studies indicate that cement samples are rapidly degraded and their porosity 
increases in the presence of CO2. However, note that none of the previously mentioned studies investigated the 
effect of supercritical CO2 on the compressive strength of Portland cements. Comparing these results to our data, we 
can only imply that the compressive strength of our cements is not drastically affected by the chemical degradation 
induced by the CO2 presence. One can argue that the short-term duration (up to few hour) of our experiments was 
not enough for diffusion and degradation of our cements in the presence of CO2, but rather by the effect of water 
weakening on stress-corrosion cracking. However, we performed a 4 days experiment (CEMCO2-1) and no 
compressive strength loss was observed, but on the contrary, the differential stress – axial stress data showed an 
80% strength recovery upon the reloading of our sample. This finding is in agreement with the study of Chang and 
Chen, [21] indicating that the carbonation of cement leads to an increase in its compressive strength. 
In summary, the compactive yield envelope (Fig.4) indicates that in the presence of water or water and CO2 
cement samples are more prone to failure at high differential stresses, but can undergo high mean stresses without 
macroscopic failure or increase in porosity. In comparison the dry cement are less sensitive to increasing differential 
stresses. These findings imply that addition of water and CO2 affects more the “brittleness” of porous wellbore 
cements.  
4.3. Implications  
One of the key objectives of CO2 storage is long-term confinement and in this context wellbore cement was 
identified as posing a significantly high risk [3, 4]. Integrity loss of the wellbore cement might provide paths for 
leakage, through corroded wellbore cement, de-bonded cement-rock interface or fractured well plugs. Therefore, it 
is important to identify possible mechanisms of failure for wellbore cements due to chemical effects of CO2 
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injection.  
During injection of fluids or production activities in a reservoir temperature or pressure changes generate changes 
in the state of stress in the reservoir. This evolution of stress triggers grain scale deformation mechanisms causing 
elastic (recoverable) and inelastic (permanent) reservoir strain. One of the major consequences of CO2 injection is a 
decrease in the effective stress in the reservoir, which subsequently leads to reservoir expansion. Such expansion 
will result in increased shearing at the boundary interfaces such as reservoir rock and wellbore or formation and 
caprock, as well as tensile stresses in the wellbore plugs [13] and ultimately may lead to plug sealing capacity loss 
and leakage through plug failure or cement-casing debonding.  
Mainguy et al. [13] modeled through coupled reservoir-geomechanics simulations the risk of failure of well plugs 
after abandonment. Examples of stress path in the reservoir after ceasing production and following re-pressurization, 
similar to those expected in the CO2 injection and long-term storage are given in the previously mentioned study. 
Using the cement (Type G cement) material properties and its yield surface [20], the coupled model showed that 
main risks for cement failure due to re-injection of fluids and reservoir expansion occur in the tensile failure region, 
while the cement plugs are less sensitive to the changes in the compressive stress. Moreover, the failure behaviour of 
plugs is mostly sensitive to high values of Young’s modulus (E), and less sensitive to the Poisson ratio and 
temperature changes values, in the context of fluir re-injection or re-pressurization of the reservoir.  
A comparison of our findings with the ones of Mainguy et al. [13] and Phillipacopoulos and Berndt [20] shows 
that our wet and CO2-bearing cements are slightly weaker (see Fig. 4). However, note that Young’s modulus values 
for CO2-bearing cements E a 30-40 GPa are higher than the ones considers throughout this study, E = 10 GPa [13]. 
Neglecting the uncertainties due to determining E values from triaxial compression tests, such higher values of E 
raise the risk of tensile failure occurrence for Portland type A plugged wells or for well plugs characterized by 
similar or higher E values.  
A full evaluation of the effect of CO2 on the risk of failure of cement in abandoned wells is difficult, as our 
failure envelope does not cover the tensile field. Ongoing research focuses on gathering data on the tensile failure of 
Portland cement, class A in the presence of CO2. Moreover, for such evaluation, site-specific data characterizing the 
reservoir rocks, caprock, state of wellbores or the evolution of the state of the stress in the reservoir are needed. 
5. Conclusions 
 Triaxial compression tests were performed on wellbore Portland Class A cement with a w/c ratio = 0.5, at 
simulated reservoir conditions, namely temperature of 80qC and confining pressures in the range 1.5-30 MPa under 
dry, wet and in the presence of supercritical CO2 conditions. The main findings of this research can be summarized 
as following: 
1. The cement samples fail in a brittle manner at low confining pressures and in a ductile manner at higher 
confining pressures.  
2. In the brittle field, the failure is marked by a differential stress peak and dilatancy of the sample, materialized 
in localized shear fracture, while the ductile regime is characterized by strain hardening and compaction of the 
samples.  
3. The presence of water weakens the cement, whereas addition of supercritical CO2 leads to no further reduction 
or the mechanical strength of cement. The Young’s modulus values decrease from E a 50 GPa, for dry cement 
compacted at 80qC to E a 20-40 GPa, for wet and CO2-bearing wet cement samples.  
4. Under in-situ conditions, reduction of effective pressure due to CO2 injection will ultimately result in an 
expansion of the reservoir formations, which in turn might lead to enhanced shearing at the boundary 
interfaces such as reservoir rock and wellbore or to tensile failure in wellbore plugs. If such stresses exceed 
the strength of the wellbore cement, failure will occur, impairing the CO2 storage safety. 
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